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Resistance noise spectroscopy is applied to bulk single crystals of the quasi-two-dimensional or- 
ganic Mott insulator k-(BEDT-TTF)2Cu[N(CN)2]C1 both under moderate pressure and at ambient- 
pressure conditions. When pressurized, the system can be shifted to the inhomogeneous coexistence 
region of antiferromagnetic insulating and superconducting phases, where percolation effects domi- 
nate the electronic fluctuations [J. Miiller et al, Phys. Rev. Lett. 102, 047004 (2009)]. Independent 
of the pressure conditions, at higher temperatures we observe generic l// a -type spectra. The mag- 
nitude of the electronic noise is extremely enhanced compared to typical values of homogeneous 
semiconductors or metals. This indicates that a highly inhomogeneous current distribution may be 
an intrinsic property of organic charge-transfer salts. The temperature dependence of the nearly 1/f 
spectra can be very well described by a generalized random fluctuation model [Dutta, Dimon, and 
Horn, Phys. Rev. Lett. 43, 646 (1979)]. We find that the number of fluctuators and/or their cou- 
pling to the electrical resistance depends on the temperature, which possibly relates to the electronic 
scattering mechanisms determining the electrical resistance. The phenomenological model explains 
a pronounced peak structure in the low-frequency noise at around 100 K, which is not observed in 
the resistivity itself, in terms of the thermally-activated conformational degrees of freedom of the 
ET molecules' ethylene endgroups. 



PACS numbers: 74.70.Kn, 72.70.+m 
I. INTRODUCTION 



In recent years, molecular materials have provided un- 
precedented model systems for exploring the physics of 
correlated charge carriers in reduced dimensions [I] [2]. 
For the family of quasi-two-dimensional organic conduc- 
tors k-(BEDT-TTF) 2 X, where BEDT-TTF (ET in short) 
is bis(ethylcncdithio)tetrathiafulvalcnc and X stands for 
polymeric anions, the combined effect of strong electron- 
electron and electron-phonon interactions, together with 
the reduced dimensionality gives rise to a rich phe- 
nomenology of ground states like Mott insulating states, 
which may show long-range antiferromagnetic order or 
remain a disordered spin liquid down to low tempera- 
tures, unusual metallic phases, or superconductivity. The 
materials are layered systems with alternating conduct- 
ing layers, where ET dimers form an anisotropic trian- 
gular lattice, and thin insulating anion layers. The ma- 
terial's actual ground state delicately depends on the in- 
terdimer transfer integrals, which determine the band- 
width W and the on-site Coulomb repulsion U, and can 
be fine-tuned either by altering the chemical composition 
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of the anions X or the ET molecules (e.g., by step-wise 
deutcration, i.e. replacing hydrogen by deuterium in the 
terminal ethylene moieties), or by changing the pressure 
conditions. Thus, the material with X = Cu[N(CN) 2 ]Br 
is a superconductor with T c = 11.2 K, whereas the com- 
pound X = Cu[N(CN)2]Cl (k-CI in short) is an antiferro- 
magnetic insulator with T/v = 27 K. The latter material 
in turn shows bulk superconductivity with T c — 12.8 K 
upon a moderate pressure of P ~ 300 bar, which demon- 
strates the universality of the phase diagram of these 
materials. Pressure studies of k-CI revealed a first- 
order metal-to-insulator transition (MIT) line Tmi(P) 
[H |U |5J |SJ [7] , indicative of a bandwidth-controlled Mott 
transition [8, 9 , i.e. the opening of a gap in the charge 
carrying excitations due to electron-electron interactions. 
For the title compound, this goes along with a ground 
state characterized by long-range antiferromagnetic or- 
dering of localized moments. In the vicinity of the MIT, a 
spatially inhomogeneous coexistence of the antiferromag- 
netic insulating and superconducting phases develops at 
low temperatures. 

Fluctuation spectroscopy has been used as a powerful 
method to investigate the intrinsic dynamics of carriers 
of a large variety of magnetic [TT], semiconducting [T2"] 
and metallic/superconducting materials [13l [14] , in par- 
ticular systems close to a MIT [15] [16] [17] or the per- 
colation limit [15], see also [HD for an overview. In a 
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recent paper, we reported on studies on the pressure- 
induced spatially inhomogeneous coexistence state in k- 
(ET) 2 Cu[N(CN) 2 ]C1 using resistance noise spectroscopy 
[TP"] . We quantitatively investigated the nature of perco- 
lation at the superconducting transition. In the present 
study, we aim to use the technique in order to gain 
information on the relevant energy scales for the elec- 
tronic scattering processes in the temperature range up 
to room temperature. Our results, comparing pressur- 
ized k-(ET) 2 Cu[N(CN) 2 ]C1 to the system under ambient 
conditions, demonstrate that measuring electronic fluctu- 
ations is a promising new approach to study the dynam- 
ical properties of the correlated charge carriers in molec- 
ular materials. A simple phenomenological random fluc- 
tuation model can explain the temperature dependence 
of the nearly 1/J-noise remarkably well, and allows us 
to determine the energy distribution of certain fluctua- 
tions leading to electronic scattering processes, e.g. those 
related to the rotational degrees of freedom of the ET 
molecules' terminal ethylene groups. The latter undergo 
a glass- like transition, which has been studied in some de- 
tail by thermodynamic methods, see [5] for an overview, 
and is related to intrinsic and - in certain limits - con- 
trollable disorder, which is known to affect the actual 
ground-state properties, see e.g. [201 El- Despite the 
fact that there is no apparent signature in the samples' 
resistance curves, we find independent spectroscopic evi- 
dence for the excitation of the ethylene endgroups' rota- 
tional degrees of freedom from a pronounced peak in the 
normalized resistance noise. 
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II. EXPERIMENT 

Single crystals of k-(ET) 2 Cu[N(CN) 2 ]C1 were grown 
by electrochemical crystallization as described elsewhere 
[22] . Samples were of plate-like (smallest dimension 
perpendicular to the conducting planes) and rod-like 
(longest dimension perpendicular to the planes) morphol- 
ogy, with typical dimensions of (0.6 x 0.8 x 0.2) mm 3 
and (0.36 x 0.36 x 1.2) mm 3 , respectively. Electrical con- 
tacts for transport measurements have been made us- 
ing Carbon paste or by evaporating Gold and subse- 
quent contacting with Silver paint. The latter proce- 
dure allowed for well-defined contact geometries by using 
shadow masks. The electrical contacts showed linear I- 
y-characteristics and contact resistances in the order of 
1 — 10 SI. As described in [10] . we produce a small pres- 
sure by embedding samples (denoted as re-Cl* hereafter) 
in a solvent-free epoxy, the slightly larger coefficient of 
thermal expansion of which results in a finite stress act- 
ing on the sample during cooldown. An estimated ef- 
fective pressure of 220 — 250 bar on our samples agrees 
well with a comparison to resistivity curves obtained from 
He-gas pressure experiments reported in the literature 
[6] and the effect on a superconducting reference com- 
pound for which the pressure dependence of T c is known. 
In the present paper, we discuss a pressurized sample 



FIG. 1: (Color online). (a) Resistance noise power 
spectral density Sr(/) of a pressurized sample of k- 
(ET) 2 Cu[N(CN) 2 ]C1 (denoted as k-C1*) at different temper- 
atures in a log-log plot. Lines are linear fits yielding a power- 
law behavior Sn(f) oc l/f a . The two spectra taken at 60 K 
demonstrate an excellent reproducibility, (b) Voltage noise 
power spectral density Sv(f) taken at / = 1 Hz at T — 200 K 
for different bias currents I. The line is a linear fit to the 
data in the representation Sv vs I 2 . Open triangles represent 
spectra obtained for a different value of the current limiting 
resistor r yielding an identical scaling behavior. Inset shows 
the corresponding spectra Sv(f) for different bias currents /. 
Note a "white" floor noise spectrum for 1 = 0. 



k-C1* exhibiting an inhomogeneous coexistence of insu- 
lating and superconducting phases at low temperatures 
(same sample as in [10 ) in comparison to the compound 
under ambient-pressure conditions, «-Cl, having an an- 
tiferromagnetic insulating ground state. For the latter, 
due to the size and shape of the samples available, only 
four-terminal measurements using Carbon-paste contacts 
were possible. We found a strong increase of the con- 
tact resistances and non-ohmic J-V-characteristics below 
about 20 K. Therefore, we will only discuss measurements 
on re-Cl performed at temperatures higher than that. 
Low-frequency resistance fluctuations have been mea- 
sured by a standard bridge-circuit ac-technique [23] in a 
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five-terminal (n-Cl*) or four-terminal (k-C1) setup. The 
output signal of a lock-in amplifier (SR830) , operating at 
a driving frequency /o of typically 237 — 517 Hz, was pro- 
cessed into a spectrum analyzer (HP35660A) by means 
of a low-noise preamplifier (SR554 or SR560), which is 
preferably operated near the eye of its noise figure. Care 
was taken to rule out or eliminate spurious noise sources, 
especially those coming from the electrical contacts. The 
observed noise spectra are found to be independent of the 
lock-in amplifier, its driving frequency, and the preampli- 
fier as long as the conditions for proper impedance match- 
ing are met. In our ac-circuit, the 90° phase-shifted (y- 
channel) signal showed frequency-independent (" white" ) 
noise and - representing the noise floor of the experi- 
mental setup - could be subtracted from the s-channel 
signal. Figure]!] (a) shows typical resistance noise power 
spectral densities (PSDs) of K-Cl* taken at different tem- 
peratures. At all temperatures discussed here, we observe 
an excess noise spectrum of generic l// Q -type, for which 
we find 0.9 < a < 1.1 (see also Fig. [3}. Lines are fits 
to the data yielding the magnitude of the noise (spectral 
weight) and the frequency exponent a. Also shown are 
two spectra taken at the same temperature of 60 K, where 
the sample's temperature had been changed in between 
the measurements. The excellent reproducibility of the 
spectra allows us to perform a detailed analysis of the 
temperature dependence of the resistance fluctuations as 
discussed below. Figure[l] (b) shows the measured volt- 
age noise PSDs, Sy(f), taken at a temperature of 200 K 
for different bias currents / (inset) and the values taken 
at 1Hz, Sv(f = 1Hz). We observe an excellent scaling 
Sy oc I 2 as expected when the measured noise is solely 
due to resistance fluctuations. Also, as expected and re- 
quired, the observed scaling is independent of the ratio 
R/r, where R is the sample resistance and r the value of 
the current limiting resistor in our bridge circuit. Fur- 
thermore, as shown in the inset, a "white" floor noise 
spectrum (x-channel signal) is observed for / — > 0. 



III. RESULTS AND DISCUSSION 
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FIG. 2: (Color online.) Resistivity of k>C1* located in the 
vicinity of the first-order Mott metal-to-insulator transition 
(see Fig. 1 in [10]). The solid line is a fit to the data at 
temperatures above the transition into the metallic state to 
p(T) = p A exp(-A/T) + p s T~ 3/2 , see text. Inset shows the 
temperature dependence of the normalized noise Sr/R 2 (T) 
taken at 1 Hz. 



isothermal pressure sweeps by Kagawa at al. [5] [21] . The 
fact that the transitions are broadened and the tran- 
sition temperatures are somewhat higher compared to 
literature results [3] E] is most likely due to slightly 
non- hydrostatic pressure conditions in the present exper- 
iment. The inset of Fig.[l] shows the temperature depen- 
dence of the normalized noise power Sr/R 2 taken at 1 Hz 
for k-CI* as derived from spectra like the ones shown in 
Fig.[T] The behavior of this sample will be compared to 
results at ambient pressure in the final part of this sec- 
tion. The reference samples /c-Cl measured under these 
conditions showed the expected semiconducting behavior 
down to low temperatures, see Fig. [6] 



Figure|2] shows the temperature dependence of the re- 
sistivity of a pressurized sample k-CI*. The sample's po- 
sition in the phase diagram is shifted towards the metallic 
side such that the S-shaped transition line of the MIT is 
crossed twice when lowering the temperature (see Fig. 1 
in reference [10]). At elevated temperatures, the sample 
shows a semiconducting behavior (dpi dT > 0) down to 
about 46 K below which the sample shows a pronounced 
minimum following the transition into the metallic phase 
(dp/dT > 0). Upon further cooling, the first-order MIT 
line is crossed again leading once more to insulating be- 
havior below about 22 K, where a kink in the resistiv- 
ity curve is observed. Finally, the sample undergoes 
an insulator-to-superconductor transition at T c = 13 K. 
The behavior is qualitatively in good agreement with the 
phase diagram determined from isobaric temperature and 



A. Magnitude of the noise 

Before we come to a detailed analysis of the tempera- 
ture dependence of the noise, we comment on the magni- 
tude of the excess electronic fluctuations. For local and 
independent noise sources, the spectral density ordinarily 
scales inversely with system size, which may be expressed 
by the empirical Hooge relation Sn(f)/R 2 = 7if/n c fi/ 
[231 12"6"] . where jh denotes the Hooge parameter repre- 
senting the strength of the normalized 1/ /-noise, n c the 
charge carrier density, and f2 the noisy volume. In order 
to get a rough estimate for 7# in the present charge- 
transfer salts /c-(ET)2X, we take a carrier density of 
n c ~ 1.2 x 10 21 cm~ 3 , which results from the present 
stoichiometry (two ET molecules transfer one electron to 
the monovalent anion) and for f2 the total sample vol- 
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ume of ~ 1.6 x 10~ 4 cm 3 . Using these parameters we 
find a room-temperatre value of 7# in the order of 10 7 . 
This number is several orders of magnitude larger than 
values of ~ 1CP 2 — 1CP 3 typically found for homoge- 
neous metals and semiconductors |26) . It is worth not- 
ing that such extremely high noise levels also have been 
found for a number of high-T c cuprate superconductors 
[131 HH 1271 [55J [55] . For these materials, however, it has 
been pointed out [H] that the high noise level is not in- 
herent to the class of substances but can be explained, 
e.g. by the granularity of the samples, and can thus be 
found to be largely reduced in samples (in particular thin 
films) with better crystalline quality and less disorder. 
For the present molecular materials, which are in the 
clean limit [5] , an explanation in terms of the crystalline 
quality is not necessarily obvious. Instead, a number of 
other explanations might account for the high noise level. 
For instance, the noise parameter jh in the Hooge for- 
mula might be overestimated by an incorrect estimate 
for the carrier density n c . This possibility, however, 
seems unlikely since for the related metallic system re- 
(ET) 2 Cu(NCS)2, for which our assumption for n c can be 
considered as realistic, we also find a strongly enhanced 
value of ju ~ 10 5 30J . Alternatively, the noise level 
might be overestimated by an incorrect estimate of the 
volume between the electrical probes, e.g. due to inho- 
mogeneous current paths in the sample. Since the Hooge 
expression is empirical, deviations may not be surprising 
and may point to differences in the conduction mecha- 
nism in the present molecular metals and the materials 
in which it works well [!JT] • This explanation includes the 
possibility that the large noise level could be an intrinsic 
property of the (ET) 2 X compounds originating, e.g., in 
an inhomogcncous current distribution. Such an inter- 
pretation indeed has been suggested for explaining the 
large noise magnitude (7 — 8 orders of magnitude higher 
than expected from the Hooge formula) in bulk crystals 
of the quasi-one-dimensional organic charge-transfer salt 
TTF-TCNQ [31 . Assuming that crystal imperfections 
force the charge carriers to hop from stack to stack in 
the process of propagation along the stacking 6-axis, the 
authors estimate a number of charge propagation paths, 
which, in their model, explains the observed enhance- 
ment of the noise magnitude. Systematic studies of the 
noise level in a number of different quasi-two-dimensional 
organic charge-transfer salts (ET) 2 X are in progress in 
order to get a more detailed understanding of this effect. 



B. Temperature dependence of the noise 

Random fluctuation model 

We now turn to the analysis of the temperature de- 
pendence of the noise. The inset of Fig. [2] shows the 
normalized noise power S R /R 2 (T) taken at 1 Hz as de- 
duced from the resistance noise PSDs taken at differ- 
ent temperatures, see Fig.[l] At present there is no the- 



ory for the origin of l//-noise in the low-dimensional 
molecular metals discussed here. We therefore analyze 
our data using the phenomcnological random fluctuation 
model introduced by Dutta, Dimon, and Horn (DDH) 
|32j , who showed that noise data in inhomogeneous met- 
als can be transformed to obtain the distribution of acti- 
vation energies for the processes that generate the noise. 
The model assumes that the approximate l//-spectra 
are created by a broad distribution of activation energies 
of a large number of random and independent switching 
entities called "fluctuators", which are characterized by 
thermally-activated time constants r = TQexp(E/ksT) 1 
where tq is a characteristic attempt time of the order of 
an inverse phonon frequency, E the activation energy of 
the process and kg Boltzmann's constant. The resistance 
is linearly coupled to the fluctuating quantity, which in 
this model is not specified a priori but may be identi- 
fied a posteriori, e.g. if its energy signature is known. 
The total noise spectrum can be deduced by integrating 
over the Lorentzian spectra of the individual fluctuators 
weighted by a temperature dependent function g(T) and 
the distribution of activation energies D(E): 



S(f,T)cx J g(T) 



t{E) 



t(E)Hit 2 P 



-D(E)dE. (1) 



If D(E) varies slowly compared to kgT, the energy dis- 
tribution of the fluctuators creating the 1 / /"-noise may 
be deduced directly from the measured temperature de- 
pendence of the normalized noise by 



D{E) oc 



2irfS(f,T) 
k B T 



(2) 



where the transition energies are roughly linked to the 
frequency bandwidth and the temperature |34j by 



£w -fc B Tln(27r/r ). 



(3) 



In the original paper, DDH assumed that the net mean- 
square fractional resistance fluctuations integrated over 
all frequencies are temperature independent, so in the 
original model g(T) — const. In this case, the limit 
D(E) = const, generates exact l//-noise, i.e. a(T) = 1 
and Su oc kgT/ f. We will show that in the present case a 
generalized DDH model [33 allowing for a temperature- 
dependent function g(T), which quantifies the tempera- 
ture dependence of the noise level, is useful and may give 
additional insight into the understanding of the relevant 
scattering processes. An essential ingredient of the DDH 
model is that a given D(E) is the origin of both the small 
deviations of ot(T) from 1 and the possibly strong depen- 
dence of Sr on T |32j . Therefore, the frequency exponent 
of the spectral density and the temperature dependence 
of the noise are related by: 



a(T) = 1 - 
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ln(27r/r ) 



d\nS(f,T) 
dlnT 



din g(T) 
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FIG. 3: (Color online), (a) Frequency exponent of the l/f a - 
noise as a function of temperature, a(T), of k-C1*. Circles are 
the values extracted from the fits to the individual spectra at 
different temperatures, see Fig.[l] The solid line is the pre- 
dicted a(T) from the data shown in Fig.|2]using Eq.|4]and tak- 
ing g(T) — const, (b) Best fit between the experimental a(T) 
and the predicted values using Eq.|4]while allowing for a tem- 
perature dependent function g(T) yielding g(T) = aT~ 3 ^ 2 . 



tical shift. The best fit to the data yields a parame- 
ter b = —1.5 ± 0.1. Following a similar analysis for the 
1 //"-noise in a magnetic manganite film |33j . we con- 
clude that the total noise level is temperature depen- 
dent and the number and/or strength of the fluctuators 
(i.e. their coupling to the electrical resistivity) increases 
with decreasing temperature according to a T -3 / 2 law. 
It is now interesting to note that this power law can be 
used as an ingredient to roughly describe the temper- 
ature dependence of the sample's resistivity itself. As 
shown in Fig.[2j we have fitted the resistivity data at 
temperatures above the transition into the metallic state 
to p(T) = p A exp(-A/T) + pbT- 3/2 and find a good 
agreement. The value for the effective charge gap ex- 
tracted from the fit is A ~ 30 K, which in turn is in 
good agreement with the values of A(P) found close to 
the critical pressure of P c = 232 mbar determined by Ka- 
gawa et al. in resistance measurements at different pres- 
sures, see Fig. 5 of [Bj . It is tempting to conclude that the 
mechanism responsible for the T~ 3 / 2 term in the elec- 
trical resistivity can be linked to the g{T) function via 
the number and strength of the fluctuators. The same 
scattering mechanism seems to be responsible for the re- 
sistivity and its fluctuations. Theoretical work is highly 
desirable in order to identify the relevant fluctuations and 
the coupling mechanism to the electrical resistivity. 



Distribution of activation energies 



Thus, although the DDH model is phcnomenological and 
its assumptions are quite general, the consistency of the 
latter can be checked independently by comparing the 
observed ct(T) with the ones predicted by Eq. B| using 
the temperature dependence of the noise. Figure|3] shows 
the frequency exponent a(T) obtained from the fits to 
the spectra at different temperatures. We find that the 
data are closely distributed around a = 1 but show a 
non-monotonic behavior, which reflects the shape of the 
distribition of the activation energies, i.e. for a greater 
or smaller than 1, dD(E)/dE > and 3D(E)/dE > 0, 
respectively. The predicted values (solid lines in Fig.[3| 
are in very good agreement with the experimental re- 
sults: the overall course is well reproduced, which means 
that the assumptions of the model are consistent and the 
distribution of energies can be reliably extracted from 
Eq.|2] A striking feature, however, is that there is a 
constant offset between the experimental and theoretical 
curve, when we use the original DDH model, in which 
g(T) = const., i.e. when the second term in the bracket 
of Eq.[3] vanishes. The clear vertical shift we observe can 
be taken as evidence that one cannot assume that there 
is no net temperature dependence of the mean-square 
fractional resistance fluctuations [33j . Since according to 
Fig.|3j <91n 5 (T)/,91nTin Eq.g is roughly temperature in- 
dependent, g(T) satisfies a simple power law g(T) = aT b . 
where the exponent b is unambiguously given by the ver- 



Fig.|4] shows the energy distribution D{E) extracted 
from the noise data using the DDH model. In the main 
panel, the energy distribution D(E) convolved with g(T) 
is shown as calculated from the normalized noise data 
S R /R 2 (T) and using Eqs.[2] and [3] with t = 10~ 13 s. 
Due to the only logarithmic dependence of the energy on 
frequency bandwidth and attempt time, the results are 
extremely insensitive to the latter |32j . The distribution 
shown in the main panel is identical to the one extracted 
by the original DDH model, i.e. without considering a 
temperature-dependent function g(T). One can clearly 
see that there is a monotonous increase of the density 
of fluctuators having a characteristic energy E with de- 
creasing energy. As discussed above, a convolution with 
a function g(T) oc T~ 3 / 2 best describes the data. Besides 
this general trend, we observe three striking features in 
D{E). (i) The more than two-orders-of- magnitude in- 
crease at low energies has been discussed in detail in 
Ref. [lOj in terms of percolative superconductivity in the 
inhomogeneous coexistence region of antiferromagnetic 
insulating and superconducting phases. We have shown 
that the observed behavior can be understood in the 
framework of a random-resistor network, (ii) We at- 
tribute the small but distinct step-like increase at about 
50 meV to the crossing of the metal-to-insulator transi- 
tion line when reentering the insulating state. Qualita- 
tively, one expects an increase of the noise due to lo- 
calization of the carriers. This interesting aspect of the 
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FIG. 4: (Color online). Distribution of activation energies in 
a log-log plot as {g(T) *D(E)} vs E calculated from the data 
in Fig.|^ The function g(T) oc T~ 3/2 is also shown. The 
arrow indicates the temperature of reentering the insulating 
state. Note a pronounced peak in D(E) at ~ 230 meV. Inset 
depicts D(E) vs £ in a linear representation in the vicinity 
of the peak. The solid line centered about the maximum is a 
Gaussian fit. 



Mott MIT may be best studied by experiments where 
the actual pressure can be tuned continuously. Such ex- 
periments are in preparation. We now focus on (iii) the 
pronounced, roughly Gauss-shaped peak at an energy of 
230 — 250 meV, which corresponds to a pronounced max- 
imum in the normalized noise level at around 100 K. In- 
terestingly, the energy where D(E) peaks, corresponds 
to the energy signature of the orientational degrees of 
freedom of the ET molecules' terminal ethylene moieties 
undergoing a glass-like transition. The ethylene end- 
groups can adopt two possible configurations, with the 
relative orientation of the outer C-C bonds being either 
eclipsed or staggered. While at high temperatures the 
ethylene-endgroup system is thermally disordered, such 
that the two configurations are roughly equally popu- 
lated, a preferential orientation in the eclipsed config- 
uration is adopted upon lowering the temperature. A 
kinetic, glass-like transition occurring at a characteristic 
temperature T g , however, prevents a fully-ordered low- 
temperature state, and a certain degree of disorder de- 
pending on the thermal history becomes frozen. Evi- 
dence for a glassy freezing of the ethylene cndgroups came 
from step-like anomalies in the heat capacity around 
90 — 105 K, whereas the temperature of the anomalies 
was found to depend on the measurement frequency |36j . 
From this frequency dependence an activation energy of 
E a = 233 meV has been inferred. The authors pointed 
out that the glass transition plays no important role in 
the electrical properties for the k-(ET) 2 Cu[N(CN) 2 ]C1 
salt. Indeed, there is no anomaly visible in the resistivity 
at that temperature; the noise properties, however, are 
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FIG. 5: (Color online). Arrhenius plot of the anomalies in 
k-(ET) 2 Cu[N(CN) 2 ]C1 related to the glass-like transition in 
specific heat (squares, Ref. [35]) and thermal expansion (cir- 
cles). Lines represent activation energies of E a = 223 meV 
and 227 meV, respectively. Also indicated is the fact that re- 
sistance fluctuation spectroscopy at 1 Hz reveals a pronounced 
peak in D(E) at about 230 meV, see Fig.|4] Length of the 
line represents the accessible frequency range in the present 
experiment. 



extremely sensitive to this effect, see Fig.[2j In another 
thermodynamic study, performed by the present author, 
the glass-like nature of the transition was demonstrated 
by observing characteristic anomalies in the linear coef- 
ficients of thermal expansion at around T g = 75 K in k- 
(ET) 2 Cu[N(CN) 2 ]Br and 70 K in k-(ET) 2 Cu[N(CN) 2 ]C1 
[37l [38] for a cooling rate of q ~ 5K/h. From the 
cooling-rate dependence of the glass-transition temper- 
ature T g , we then inferred E a — 227 ± 26meV for the 
latter salt. Figure[5] shows the temperatures of the glass- 
like transition T g as determined from specific heat |36j 
and thermal expansion measurements in an Arrhenius 
plot, demonstrating the thermally-activated behavior of 
the characteristic times r = tq exp(E a /kBT). Note that 
the relaxation times r have been determined in a dif- 
ferent way for the two experiments |39j . which explains 
the offset, apparently corresponding to different attempt 
times tq. The slopes giving the activation energy E a , 
however, are in very good agreement. In 1 H-NMR mea- 
surements, a similar value of 224 ± 9 meV for the activa- 
tion energy of the ethylene cndgroup vibration has been 
found HO]- In this respect, it is evident that the peak at 
about 230 meV observed in the energy distribution D(E) 
of fluctuators causing the nearly 1 / /-noise spectra origi- 
nates in the conformational motion of the ET molecules' 
terminal ethylene groups. The coupling of these rota- 
tional degrees of freedom to the electronic properties can 
be directly seen in the electronic fluctuations. The line 
in Fig. [5] the slope of which corresponds to this activa- 
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FIG. 6: (Color online). Noise power spectral density Sr (main 
panel) and normalized noise Sr/R 2 (right inset) taken at 1 Hz 
of k-C1 as a function of temperature. Left inset: in-plane re- 
sistance showing semiconducting (insulating) behavior. Line 
is a fit R oc exp(A/T) yielding an effective charge gap of 
A~ 300K. 



tion energy, shows the frequency range covered by the 
present experiment. If we identify the fluctuators caus- 
ing the enhanced electronic noise at 1Hz around 100 K 
with the ET molecules' terminal ethylene groups and the 
peak energy of about 230 meV as the activation energy 
for transitions between the eclipsed and staggered con- 
formation, then the observed width of D(E) of ~ 90 meV 
gives an estimate for the range of activation energies in- 
volved. The consequences of such a finite distribution 
of energy barriers relevant for the glassy behavior are to 
be investigated in more detail. Resistance noise turns 
out to be a sensitive probe to further study not only the 
glassy dynamics itself but possibly the influence on the 
electronic ground-state properties as well, see also [10] . 
Finally, we note that the temperature of the noise max- 
imum of about 100 K may suggest that the resistivity 
hump of yet unknown origin observed in the same tem- 
perature range in many metallic (ET) 2 X compounds (see 
[TJ |5] and references therein) could be related to the ro- 
tational degrees of freedom of the ET molecules. 



Results at ambient pressure 

In the last part of this section, we present the data on 
a reference sample of k-(ET) 2 Cu[N(CN) 2 ]C1 under ambi- 
ent conditions. Figure[6]shows the in-plane resistance and 
noise data as a function of temperature. In contrast to 
pressurized k-CI* discussed above, for ambient-pressure 
k-CI we observe the expected semiconducting (insulat- 
ing) behavior for both the out-of-plane (not shown) and 
in-plane resistances. Following the analysis in [6], we get 
an estimate for the effective charge gap from a fit to the 
data at low temperatures Roc A/T yielding A ~ 300 K. 
While the resistance shows a smooth behavior with no ap- 
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l/f a noise spectra. Line is the prediction from the DDH 
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function g(T). (b) Energy distribution calculated from the 
data in Fig. [6] using Eq.[5] again with g(T) = const. 



parent features, the electronic fluctuations exhibit a pro- 
nounced shoulder in the resistance noise power spectral 
density Sr(T) corresponding to a broad maximum in the 
normalized noise Sr/R 2 (T) at around 90 K, see Fig.[(3j In 
Fig. [7] (a) we show the DDH analysis as discussed for k- 
Cl*, without considering a function g(T) taking into ac- 
count a possible temperature dependence of the number 
and/or strength of the fluctuators. Again, we find that 
the frequency exponents are distributed closely around 
a = 1 and that the predicted curve reproduces the gen- 
eral course of the measured a(T) values, which allows us 
to extract the energy distribution D(E) from the noise 
data in Fig.[6j The latter is depicted in Fig. [7] (b). The 
analysis yields a maximum at an energy of ~ 212 me V. 
As above, the substantially enhanced noise level around 
90 K most likely corresponds to the thermal excitations 
of the ethylene cndgroups of the ET molecules causing 
enhanced low-frequency fluctuations of the charge car- 
riers. Further studies on different crystals of the title 
compound are necessary to identify possible sample-to- 
sample variations and investigate the significance of the 
finestructure in D(E) observed at 170 meV. 
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IV. CONCLUSION 

Resistance noise spectroscopy studies on bulk sin- 
gle crystals of the quasi-2D organic Mott system k- 
(ET) 2 Cu[N(CN) 2 ]C1 revealed l// Q -type spectra in the 
temperature range up to room temperature. The ob- 
served noise level is extremely enhanced compared to 
homogeneous semiconductors and metals and may be 
due to an inhomogencous current distribution inherent 
to the present molecular conductors. The temperature 
dependence of the noise is remarkably well described 
by the Dutta-Dimon-Horn random fluctuation model. 
We find that the model's assumptions of independent 
and thermally-activated fiuctuators apply for to systems 
studied here. Our results for the system under a mod- 
erate pressure suggest that the overall noise is tempera- 
ture dependent, i.e. the number and/or the strength of 
the switching entities increase with decreasing temper- 
ature according to a T~ 3 / 2 power law. The same scat- 
tering mechanism seems to describe the resistivity of the 
sample. The distribution of activation energies D(E) of 
the fiuctuators causing the nearly 1// noise can be ex- 
tracted from the model. The most striking feature is 



a pronounced maximum in D(E) at around 230 meV, 
which corresponds to the activation energy of the con- 
formational motion of the ET molecules' terminal ethy- 
lene groups. It is interesting to note that the peak in 
the noise has no correspondence in the actual resistiv- 
ity measurements. The observation of the ethylene end- 
groups' glassy energy signature, which is well known from 
thermodynamic studies, in the electronic noise proper- 
ties demonstrates that fluctuation spectroscopy provides 
a promising novel access to the microscopic transitions 
and dynamical molecular properties of the present mate- 
rials. 
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